INTRODUCTION
In tropical caves, some insectivorous bat species can form very large colonies that deposit huge quantities of guano over extended periods of time. These accumulations can reach tens of thousands of cubic meters in volume (Peck & Kukalova-Peck, 1981) , 10 m or more in depth, and incorporate material dating back more than 50,000 years (Bird et al., 2007) . In wet or moist conditions, guano decomposition can be rapid and the products of decomposition are often removed by percolating water. Conversely, under very dry conditions, bat guano may be preserved with little or no diagenesis over thousands of years (e.g., Wurster et al., 2010a) . Over appropriate timescales, these deposits may generate a range of diagenetic nitrate, phosphate and sulfate minerals within a stratified, organic-rich sequence (Shahack-Gross et Attard Laboratories, San Diego, CA, US), and scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) at the Nano-imaging Facility of Carleton University, Ottawa, Canada.
RESULTS

Racer Cave (Variscite and nano-particulate Silica)
Racer Cave preserves several exposures of a distinctive, pink-colored mineral that has developed as an efflorescence, in association with a white powdery material, on allochthonous cave guano (Fig. 1A, B) . The pink phosphate exists as a thin crust (generally less than 1 mm in thickness) on the white material which proved to be silica (details below).
XRD spectral analysis on the pink mineral and automatic software identification suggests that it is a complex phosphate, dominated by variscite, al., 2004; Pogson et al., 2014 ). Here we report on two phosphatic mineral species of distinctive appearance associated with bat guano diagenesis in caves of northwestern Borneo. A Β C two gibbsite peaks to either side, cannot be confused with a quartz peak, expected at 26.65º 2θ, and this material also does not have the other quartz peaks expected at 20.85, 36.54, and 40.29º 2θ (Morris et al., 1981) . At the micro-scale, the variscite crust is revealed to have an external morphology that is botryoidal, with globules of ~100-300 microns diameter (Fig. 3A, B) . EDS on the surface of the crust confirmed that it is composed of variscite. The orthorhombic dipyramidal crystal structure of variscite (http://webmineral.com\data\Variscite. shtml) is here modified by the packing of crystallites (Fig. 3C) . Internally, each globule can be seen to be made up of radiating blades ( Fig. 4A, B ) in what appears to be a druzy or spherulitic structure. Some of these show modifications that suggest stages in the alteration/erosion of variscite. Viewed from above, some blade edges are corroded and inter-crystallite spaces concomitantly increased (Fig. 5A) ; internally, especially towards the centers of the spherules, the bladed/platy structures show more-or-less chattering of the edges, in the vicinity of randomly-shaped powdery detritus that occupies the inter-blade spaces (Fig. 5B, C ) and appears to be replacing the corroded variscite. This powder, which could not be pinpointed for a confident EDS analysis, is most likely the gibbsite shown by XRD analysis or, perhaps, berlinite. of drying). Although the SEM images are similar to many published of amorphous silica (e.g., Musić et al., 2011) , the sharp XRD peak precludes both colloidal and amorphous silica. Therefore we identify this material as nano-particulate silica.
MATERIALS AND METHODS
Samples
In summary, this Racer Cave deposit at the top of the guano is made up of an upper layer of red botryoidal/spherulitic variscite, some of which is slightly corroded/altered to gibbsite or berlinite, and an underlying layer of white nano-particulate silica.
Niah Cave (Fluorapatite)
Niah Cave contains extensive and deep deposits of stratified bat guano, dating through and beyond the radiocarbon age range of >40,000 years (Dykes, 2007 ). An exposure of the guano sequence, a vertical face created by guano mining, probably within the The white material underneath the red variscite layer gave a clear XRD peak (Fig. 6,  4 . Note that in this case (in contrast to the variscite sample above) the software did identify quartz, and, although it also identified berlinite, here the peaks centered on 21.02 and 26.79º 2θ perhaps cannot be clearly be distinguished from the quartz peaks at 20.85 and 26.65º 2θ.
SEM analysis showed that the material is largely made up of a loose powder (Fig. 7) . EDS analysis on this yielded only O and Si, in proportions consistent with pure silica. The powder consists of tiny particles (Fig. 7A) , some 100 nm in size (at the limit of resolution of our SEM). In places they appear to be organized into strings or domains (Fig. 7B, C) Table 2 . XRD data for white powder underneath variscite layer in Racer Cave. past 100 years, has developed a distinctive blue/green efflorescence (Fig. 8 ). XRD analysis (Fig. 9, Table 3 ) demonstrates that the material is fluorapatite, Ca 5 (PO 4 ) 3F , along with gypsum, and niter, KNO 3 . The bright blue color comes from the fluorapatite, the other components being white. SEM analysis shows a fine powder overlying and interspersed with tabular/platy/foliated crystals (Fig. 10) . EDS analysis of the powder, composed mainly of O, P, and Ca, is consistent with the composition of fluorapatite but with very small components of clay minerals or silicate minerals, indicated by tiny amounts of Na, Al, Si, Cl, and Fe. The powder lies between and over the crystals (Fig. 10A, B) . The fluorapatite powder is very delicate, burning very soon after the electron beam hits it, and transforming into amorphous clouds. The images at higher power (e.g., Fig. 11A ) are necessarily of low quality because they had to be taken as rapidly as possible. The powder looks like nano-particles in most images, ~500 nm long and ~200 nm in diameter; they are revealed as six-sided crystals only in some of the highest magnification images. The arrangement of the nanocrystals has a suggestion of order, such as in biofilm, with domains of attached nano-crystals in strings and curved pouches like alveoli (Fig. 10C) .
The large platy crystals proved to be gypsum, with EDS analysis showing O, S, and Ca as the only components, in proportions consistent with gypsum. The micro-scale morphology of the crystals (tabular crystals, breaking up into flakes, Fig. 10C ) mirrors macro-scale crystals of gypsum or anhydrite blades fragmenting at the edges into delicate fibers (e.g., they A Β C Fig. 7. A, B , and C) Three SEM images of the white powder, nanoparticulate silica, underneath the variscite layer in Racer Cave.
International Journal of Speleology, 47 (2), 119-126. Tampa, FL (USA) May 2018
are very similar to the gypsum/anhydrite crystals depicted in Oliveira, 2013, or in Rauh & Thuro, 2006 , or in http://publications.iodp.org).
This sample showed ample evidence of bacterial colonization of the surfaces of much of the gypsum. Rod-shaped bacteria (bacilli) can be seen occupying rod-shaped depressions in the surface of the crystal (Fig. 11A-C) . It is not clear from the SEM images whether the bacilli are directly involved in the precipitation of the fluorapatite.
No niter was detected in the surfaces visible to SEM.
DISCUSSION
Variscite has been reported from multiple caves, and is associated with guano decomposition (Hill & Forti, 1997; Onac et al., 2004) . Acidic, phosphaterich solutions released from the guano by microbial action react with aluminum-rich clays present as underlying fluvial sediments or cave dust, to produce the hydrated aluminum phosphate. The Racer Cave sample shows no evidence of bacteria under SEM, suggesting that the variscite develops from simple chemical/evaporation processes. Absent the bat colony, strong airflow generates evaporation and a chromatographic, upward-wicking effect in the drying guano mass. The result is the sequential deposition of minerals in order of solubility, the less soluble silica, followed by the more soluble variscite. The alteration to gibbsite would then be a secondary process. The physical evidence of alteration and replacement of variscite suggests that the deposit may be short-lived.
Berlinite is a rare mineral in cave contexts, known only from Cioclovina Cave in Romania (Onac & White, 2003; Onac & Effenberger, 2007) . In metamorphic and synthetic contexts, berlinite is a high-temperature mineral developing at temperatures above 550°C (Onac et al., 2007) , leading these authors to infer spontaneous combustion of the guano deposit in Cioclovina Cave. The presence of berlinite as an efflorescence in the moist tropical environment of Racer Cave is incompatible with the combustion hypothesis. While our XRD analysis is strongly suggestive of the presence of berlinite in Racer Cave (and therefore the second reported occurrence of this mineral in a cave situation), the evidence is perhaps not conclusive. However, we argue that the absence of evidence for burning does not necessarily preclude the presence of berlinite. We suggest that in the Racer Cave situation, berlinite is almost certainly the product of microbial biochemical reactions on the surface of the parent variscite crystals, transforming to berlinite by loss of water. Similarly, we interpret the Racer Cave gibbsite, previously reported in association with guano in Green Cave, Malaysia (Laverty, 1982) to be a decomposition product of variscite. This interpretation is consistent with the observations of Banfield et al. (1999) who report that microbes contribute to enhanced dissolution of insoluble secondary phosphates, possibly by release of organic acids. Banfield et al. (1999) also report that variscite is microbially precipitated. Redox conditions are important: Wisawapipat et al. (2017) observed that gibbsite was transformed into variscite during soil reduction, and back-transformed during soil reoxidation. These varying conditions can be expected to occur during the transition from water-saturated, anaerobic guano beneath an active roost to dry, more aerobic conditions in relict guano deposits and the efflorescence of phosphate minerals into a fully aerobic cave atmosphere. Silica has been reported (as quartz) from a number of bat guano deposits in peninsula Malaysia, Borneo, and the Philippines (Wurster et al., 2015) . Amorphous silica was reported by Pogson et al. (2014) from the Jenolan caves, Australia, where it was attributed to the breakdown of guano. No publications could be found reporting nano-particulate silica in caves, although many studies have been done of such material in other natural systems. Tobler et al. (2009) report that silica nano-particulate formation in natural systems generally starts with silica polymerization and nucleation, followed by particle growth and "ripening", and, finally, particle aggregation. The maximum particle size is about 8 nm. They also report that in most natural waters nano-particles do not form because aggregation tends to occur before the ripening stage.
The ultimate source of this silica is unknown, although, noting that other accounts of amorphous silica in the literature all relate to biogenic precursors such as cow dung, or corn husks, e.g., Rani et al. (2014) , it is likely to be simply part of the geochemical cycling. Silica is a normal component of plant tissue (especially grasses), occurring in the form of hydrated condensates of orthosilicic acid, Si(OH) 4 linked to biomolecules (Smis et al., 2014) . Most plants have up to 2% Si (by dry weight) but Smis et al. (2014) report a maximum of 7.8% in horsetails. This plant-sourced silica would be passed through the food chain up to and through the bats, and thereby disseminated in the guano.
Fluorapatite is known from several other cave localities, e.g., Slaughter Canyon Cave, New Mexico (Hill & Forti, 1997) , and Lighthouse Cave, Bahamas (Onac et al., 2001) , where it is invariably associated with guano or fossil bone deposits. The origin of the fluorine in bat guano has not been previously investigated, but it has been reported as a significant component of ornithogenic soils such as those associated with penguin rookeries (Tatur, 1987) , where it complexes with calcium phosphates, and as a constituent of Peruvian bird guano (Hutchinson, 1950) . Fluorine is not homeostatically regulated in mammals (Buzalaf and Whitford, 2011) but is excreted primarily in urine (Massman, 1981) and absorbed into bone by substitution of F -for OH -in the hydroxylapatite matrix (Bertonia et al., 1988) . Mammalian bone can be a significant accumulator of environmental fluorine; in humans, fluorine content of bone increases linearly with age at a rate of 0.08 ± 0.01mg F/g of Ca per year (McNeill et al., 2016) . Long-lived mammals such as bats (e.g., Tadarida brasiliensis, a sister species to Chaerephon plicatus at Niah and Mulu, lifespan ~10 years; Brunet-Rossinni & Austad, 2004; Weigl, 2005) have ample opportunity to accumulate fluorine. Some plants are known accumulators of fluorine, e.g., tea (Camellia sinensis), where levels of 1243 ± 573 mg F/kg dried, freshlyharvested leaves of tea have been recorded (Lu et al., 2004) . Fluorine in plant tissues would be passed to herbivorous insects. Fluorine concentrations in insect chitin have not been explicitly studied, but can be expected to be low since the ions would not be retained by the N-polysaccharide matrix. However, fluorine in insect tissues would be absorbed onto bat bone and excreted in bat urine. The appearance of fluorapatite in the post-mining excavation of old, dry guano at Niah, long after exposure to significant quantities of bat urine, suggests that the original source is bioaccumulated fluorine in the abundant bat bone of the deposit.
The presence of niter in the Niah guano deposit is expected. Fresh Free-tailed bat (Chaerephon plicatus) guano from Deer cave, Mulu contains 7.6% nitrogen, which is progressively released in acidic solution by microbial decomposition (McFarlane et al., 2017) . Although at least 11 nitrate mineral species are known from guano-associated cave deposits (Hill & Forti, 1994) , most are highly deliquescent and only niter can crystallize at relative humidities of 85% or higher (Hill, 1981) and are thus likely to occur in caves of the moist tropics.
